Abstract. Nondestructive testing (NDT) of historic structures can be used for architectural archaeology, structural stability analysis, or materials characterization. Four types of physical probes are available: sound, penetrating radiation, visible light, and electromagnetism. Each of these can be utilized in several ways. Additional options involve hybrid techniques that combine probe methods. Widespread application in architectural conservation depends upon overcoming institutional barriers including the lack of standardization, fragmented decision-making, and restrictive contracting procedures that do not take into account the benefits of NDT.
Introduction
Nondestructive testing (NDT) can play several important roles in the investigation of historic structures. Aside from matters of purely archaeological interest, these methods can be valuable for the conservation of the structure. In some cases, such as the Tower of Pisa, the issue is the structural stability of the entire building. In others, the concern may be the deterioration of the original materials, particularly ornaments such as the marble sculpture of the buildings on the Acropolis of Athens.
These NDT methods are not restricted only to architectural monuments; many of them have also been applied to problems of contemporary structures. One application is in forensic engineering analysis, the investigation of the cause of structural failure of a building. Another important potential application is in the renewal of the existing national transportation infrastructure (Livingston, 1994) . In this case, the distinction between architectural monuments and contemporary structures may become fuzzy because a number of bridges in the infrastructure, like the Brooklyn Bridge and the Eads Bridge in St. Louis (Green, 1992) , are historic landmarks and also critical elements in contemporary transportation systems.
This chapter can only provide a brief survey of the possible nondestructive methods for architectural conservation. The range of structures under consideration cover historic buildings and outdoor sculpture as well as civil engineering structures such as bridges, canals and roadways. It does not include geophysical NDT methods used primarily for exploration of buried ruins, which are the subject of chapter 3. 
Operating Principles of NDT Methods
There are only a limited number of different physical phenomena that can be used as nondestructive probes of materials. However, each of these can be applied in various ways. For purposes of discussion the NDT probes have been grouped as shown in Figure 1 under four major headings: sound, penetrating radiation, electromagnetism and optical.
SOUND
Methods based on sound employ physical stress waves. The classic method involves time of flight of a pulse of sound of a single frequency into a structure (Holt et al., 1991) . The time required for the pulse to echo back from some feature such as a void is measured. The product of this time of flight and the speed of sound in the material then gives the distance to that feature. This is illustrated in Figure 2 . The higher the frequency of the sound wave, the smaller the distance that can be measured. For example, the speed of sound in structural steel is 5,900 m/s. Frequencies used on this material are typically in the range of 2 to 10 MHz. This means that distances on the scale of 0.6-3 mm can be observed. Sound frequencies above 20 kHz are referred to as ultrasonic, because they are beyond the limit of human hearing.
Pulse-echo ultrasonics work most effectively when the material being measured is homogeneous, a good conductor of sound, and possesses a simple geometry like a sheet or a slab. Thus, an ideal case is the measurement of the thickness of metal sheets. For example, this method has been used to measure the losses resulting from corrosion of the copper skin of the Statue of Liberty (Cliver and Baboian, 1990) .
On the other hand, non-metallic materials such as wood, stone and concrete have less favorable physical properties for time of flight analysis (Hertlein, 1992) . These materials tend to be heterogeneous so it is often difficult to specify a priori a single characteristic speed of sound. Moreover, these materials are usually relatively poor sound conductors so that the effective depth of penetration is reduced. Since the attenuation of sound waves tends to increase with the frequency, ultra- sonic methods applied to these materials are limited in practice to 50 to 150 kHz. As a result, the minimum size of defect or flaw that can be detected is coarser than for metals.
This type of time-of-flight finds a distance using a known sound velocity. An alternative approach determines the ultrasonic pulse velocity over a known distance. Typically, the ultrasonic transmitter is located at a fixed distance on the structure from the receiver. Then dividing this known distance by the time observed for an ultrasonic pulse to travel from the transmitter to the receiver gives an effective sound velocity along the path from the transmitter to the receiver. Changes in the effective sound velocity from point to point on the structure or over time can be interpreted as degradation or microcracking of the material (Holt et al., 1991) .
One limitation of such conventional ultrasonic methods is the need for effective mechanical coupling between the transducer and the object being measured. Couplants such as water, oil or epoxy may be required to minimize the loss of signal strength at the interface. However, these couplants may not work effectively on rough porous surfaces like concrete. Moreover, the couplants may damage or stain the surfaces, and hence would be unacceptable on decorated surfaces.
Another ultrasonic method, impact-echo, avoids the couplant problem entirely by making the object itself the source of the sound (Sansalone and Carino, 1991) .
A small steel ball-bearing or a spring loaded impactor delivers an impact, which generates a pulse of sound within the object. Unlike the conventional ultrasonic method, which produces a single sound frequency, the impact pulse contains a range of frequencies. The resulting signal can be analyzed by the conventional time-of-flight method to determine distance to a reflecting surface within the structure. Alternatively, it is possible to analyze the signal in the frequency domain. That is, the sound spectrum of the signal is calculated. The dominant frequencies in the spectrum have wavelengths that are multiples of the distance to reflecting surfaces. The computation of the frequency spectrum of the sound is usually done by a mathematical technique known as the Fast Fourier Transform (FFT).
As in the case of time-of-flight analysis, it is possible to use frequency domain analysis to provide information on materials properties instead of location of defects. Moreover, the Fourier transform of the measured signal divided by the Fourier transform of the impact gives the acoustic impedance of the material. This is a function of materials properties such as Young's modulus, density, or porosity.
Both pulse-echo and impact-echo data become more difficult to interpret for objects with complicated shapes or a large number of defects because of multiple reflections. This has been one reason why the ultrasonic echo methods have been applied to defect detection for historic structures only on a limited basis.
Acoustic emissions, another sound-based technique for locating flaws and cracks, does not launch sound waves into the structure. Instead this method listens for the characteristic bursts of sound generated within the material during local plastic deformation or microcracking. The sound burst is picked up by an array of transducers. The time of arrival of the burst at each transducers is a function of the distance to the crack. Thus, by using the time of arrival for several transducers, it is possible to locate the active crack by triangulation (Hopwood and McGogney, 1987 ).
An array of at least four transducers is required to locate a source of acoustic emissions within a 3-dimensional object. If the sound velocity is unknown or variable, six transducers are needed, and even more may be required both to estimate the speed of sound and to reject background noise (Collins and Belchamber, 1990) .
PENETRATING RADIATION
The next category of NDT probes, penetrating radiation, includes particles such as neutrons, beta particles and high-energy photons. Photons are actually a form of electromagnetic radiation, which is the basis of another category of NDT methods discussed below. However, because of their very high energies, these photons (X-rays, gamma rays and cosmic rays) behave more like particles than waves. Thus it is more convenient to discuss them in conjunction with other kinds of penetrating radiation.
Nondestructive test methods based on penetrating radiation measurements of physical structure measure the attenuation of a beam of particles as it is trans- mitted through the material. The attenuation follows Beer's Law, which states that the intensity of the beam decreases exponentially with distance traveled through a material. This is shown in Figure 3 .
The linear attenuation coefficient, depends upon the density of the material as well as the atomic number of its components and the nature of the interaction between the radiation and the material. The family of NDT methods called radiometric gauging measures the attenuation along a line, or ray, through the material from a radiation source of known strength to a detector (Hubbell, 1990 ). The attenuation data can then be interpreted in one of two ways. For purposes such as measuring paint film thickness on sheet metal where the linear attenuation factors of the materials are known, the thickness can then be computed.
Conversely, in the construction industry, the dimensions are usually known, and the penetrating radiation data are processed to obtain the average attenuation factor along the ray path. If the materials elemental composition does not vary, then the attenuation factor in turn gives the average density along the ray path. Variations in this average density can indicate the presence of voids, or the intrusion of water. They can also measure porosity or compaction of materials. Nuclear density gauges have long been established as a standard method for measuring density of soils or concrete (ASTM, 1996) . Commercially available units consist of a gamma-ray source, typically cesium 137, a Geiger counter for detecting the gamma rays, and electronics that provide a digital readout. Although these instruments are convenient to use, they do not have a universal calibration factor. Therefore, they must be re-calibrated on each site for the local soil conditions. Radiometric gauging measures the attenuation for a discrete number of rays passing through the object, one ray at a time. On the other hand, techniques based on radiography measure the attenuation along multiple rays simultaneously. Radiography involves a source of penetrating radiation, which can be X-rays, gamma-rays or neutrons, and an imaging medium, which is typically a special type of photographic film, although other options are possible (Van Asperen de Boer, 1991) . The source is put on one side of the object to be inspected and the imaging medium on the other. The amount of energy deposited at each point on the film then depends on the attenuation along the ray to that point. In the developed film, the brightness at each point correlates inversely with the of attenuation along the ray projected at the point. The effectiveness of radiography depends on a number of factors, including radiation energy, the attenuation properties of the object, its dimensions, and the imaging technology. Portable X-ray sources are available, and images can be made on standard medical X-ray photographic film. In medicine, X-rays are a very useful tool because human tissue, with the exception of bone, is composed of relatively light elements like hydrogen and carbon, and the density is close to water. Therefore, the X-ray attenuation factor is not very great, and X-rays can pass readily through the body. In fact, to see the details of soft tissue structures, it is sometimes necessary to use a heavy element like barium to create contrast.
However inorganic dense construction materials like steel or limestone have comparatively high attenuation coefficients, and X-rays do not penetrate deeply. As result, in historic preservation, X-radiography has been most extensively used to study wooden structures (Kevlin, 1986) . The instruments employed usually consist of X-ray tube generators borrowed from medicine. Deeper penetration requires higher energy particles such as gamma-radiation. For example, on the Erechtheion in Athens, Greece, where sections of marble were 50 cm thick, an individual radiograph took four hours (Clarke, 1983) .
As an alternative to increasing the source strength or energy, the imaging method can be made more sensitive. Instead of recording the penetrating radiation directly on photographic film, a converter screen can be used. The screen contains a phosphor that converts the radiation to a visible light image, which is picked up much more efficiently by the film. It can also be viewed directly, allowing real-time radiography or fluoroscopy (Placious et al., 1991) . To increase the sensitivity further, an electronic photomultiplier tube such as those used in night-vision devices, can be added. Such devices can increase sensitivity by a factor of 1000 or more (McGonnagle, 1981) .
Radiography has the inherent disadvantage of collapsing a 3-dimensional object into a two-dimensional image. However, a 3-dimensional picture of an object can constructed from attenuation data using computed tomography, CT. This process was originally developed for medicine in the 1970s, where it has been known as CAT scanning. The name tomography describes the ability of this technique to display an image of a cross-section on any arbitrarily selected plane slicing through the object. Tomography is actually a family of mathematical techniques rather than a particular type of physical probe. Although it was developed initially for X-ray analysis, it can be applied to other NDT methods, such as ultrasonic pulse velocity.
The essential requirement is that the probe travels along a straight line or ray from the source at one side to the detector on the other side of the structure. If the probe bends or scatters significantly from a straight line then it is unsuitable for use for tomography. The attenuation measured along a single ray passing through the structure gives a mean density for the entire length of the ray. In tomography, the attenuation along many different rays passing through the structure are obtained by shifting the positions of the source and the detector. An element of volume, or voxel, is defined where two or more rays intersect. Then the density in each voxel can be computed from the attenuation data. Seguin (1990) provides an overview of computed tomography and digital radiography applied to archaeological objects.
Spectroscopy, the other approach using penetrating radiation, provides information about the elemental or mineralogical composition of the material. In true spectroscopy the elements in the material are exposed to some type of radiation which causes each of them either to absorb the incident radiation at certain frequencies or to emit some type of radiation of their own. The intensity of the observed signal is plotted as a function of wavelength to provide a spectrum. Each element produces its own characteristic set of peaks and valleys in the spectrum, which can be used to identify it. Among the possibilities for the incident radiation can be X-rays, which stimulate the elements to fluoresce, i.e. to emit radiation that has wavelengths that differ from the incident radiation. Neutrons stimulate the nucleus of an atom to produce gamma-rays, a process known as neutron activation. The gamma rays can be prompt, that is, emitted simultaneously with the capture of a neutron, or they can be emitted sometime afterward, as the result of the nucleus' radioactive decay.
Gamma radiation itself typically cannot be used as a probe for spectroscopy because of the nature of the interactions between the atoms and the radiation at these wavelengths. However, in certain applications, such as discriminating between metal alloy compositions, the gamma radiation backscattered from the material can be used. The intensity and wavelength of the backscattered radiation results from Compton scattering, which is a function of the density and atomic number of the elements in the material. Another approach used attenuation of soft gamma-rays (79-384 keV) produced by barium 133 to analyze bronzes (D'Aversa et al., 1989) . The radioactive barium emits gamma rays with at least eight different energies, each with a characteristic attenuation coefficient. Three to four different metals were used in bronze making. Consequently, using the attenuations at four different gamma-ray energies as the dependent variables, and metal proportions as the independent variables, it is possible to write a set of linear equations. These equations are inverted to provide the composition of the bronze.
ELECTROMAGNETISM
The third group of NDT methods uses electromagnetic phenomena in which the electric and magnetic fields either reach steady state or alternate with time at relatively low frequencies compared to light waves. Given the prominent magnetic properties of iron, it is not surprising that magnetism has been applied as an NDT method in a number of ways (Lauer, 1991) . The most widely used method involves magnetic induction, which uses a probe in the form of a U-shaped electromagnet. An AC current applied to this probe creates an alternating magnetic field. The resulting field induces a secondary alternating field in ferromagnetic materials, which can then be detected by a pickup coil. Commercially available meters for measuring the thickness, or cover, of concrete over iron reinforcements are called covermeters (Nash et al., 1996) . In this application, iron reinforcements can be detected to a depth of roughly 20 mm (Newton and Eberhard, 1996) . Elizabeth and Anneck (1996) used a more advanced geophysical magnetic method to discover iron armatures in stone sculpture at Reins cathedral.
The magnetic induction method measures the overall magnetic permeability in the vicinity of the probe. Thus it provides a crude indication of the presence or absence of a strongly magnetizable material like iron. A more sophisticated method known as magnetic flux leakage testing, or magnetic perturbation, makes use of the variations in the directional components of the local magnetic field. In this case, the iron or steel member being inspected is itself made the magnet. This is done so that the lines of flux of the magnetic field within the member run parallel to the surface of the member. Breaks or flaws in the member will create a local perturbation in this field, yielding a component perpendicular to the surface as well as parallel to it. Extremely small perturbations can be detected with superconductor pickups known as SQUIDs (Clarke, 1994) . Since the magnetic field needs to be parallel to the surface, this methods works most conveniently on long, thin cylindrical objects. Hence, it has been proposed for inspecting steel pipelines, rails and wire ropes. It is being applied to the inspection of the steel cables in suspension bridges for corrosion or breakage.
Alternating electromagnetic radiation in the form of radio waves at millimeter wavelengths is used in ground penetrating radar (chapter 3). Ground penetrating radar operates by sending radiowave pulses into the materials. Some of the radar wave will be reflected when it reaches interfaces between materials with differing dielectric constants, such as between concrete and air at a delamination. Since the velocity of the pulse is known, the depth to the interface can be determined by the time it takes for the echo to return.
Thus ground penetrating radar is also a time-of-flight method like ultrasonic pulse-echo, except that the velocity of electromagnetic waves in a material is specified by its dielectric constant. The time scale is much shorter, on the order of nanoseconds, which places severe demands on the electronic signal processing system. Consequently, ground penetrating radar cannot resolve length scales less than a few centimeters. The minimum thickness that can be measured with commercially available equipment is typically 3-6 cm. On the other hand the radio waves are attenuated by conductive materials, so that they cannot penetrate deeply into materials. The depth of penetration in a material like concrete is 600 cm but less in more conductive materials (Clemeña, 1991) .
OPTICAL
The final group of methods uses electromagnetic radiation at wavelengths in the vicinity of visible light. These include ultraviolet (UV) and infrared (IR) wavelengths as well as the visible light. As shown in Figure 4 , all of these have wavelengths shorter than electromagnetic radio waves and longer than X-rays and gamma-rays. At these wavelengths, standard optical techniques such as lenses and mirrors can be used to manipulate the beams. Also, solar radiation provides a natural source. Artificial light sources such as incandescent lamps are also simpler to construct and use than penetrating radiation sources. On the other hand, radiation at these wavelengths does not penetrate many materials. Hence, optical NDT methods are usually limited to surface analysis.
A straightforward application of optical radiation is the measurement of distances using laser surveying instruments. These can be used to make remote measurements of the movements of structures or distortion of shapes. Laser methods use either time-of-flight or interferometry. The former is similar in concept to ground penetrating radar or ultrasonic pulse echo. Interferometry uses the difference in phase angle between the incident and reflected light beams. This difference causes interference fringes when the two beams are brought together at a light detector. These fringes can then be counted to give a very fine scale measurement of distances.
Another obvious application of optical radiation is in the visual inspection for signs of distress such as characteristic patterns of cracks. This has conventionally been done with the naked eye of a trained inspector, and although it is nondestructive, it falls outside the definition of NDT used here. Nevertheless, technology has been developed to extend the capabilities of visual inspection. Photographic or electronic images taken at infra-red or ultraviolet wavelengths can highlight features that are not apparent in visible light. Digital electronic images can also be processed by computers through such techniques as thresholding and histogram stretching to make false color pictures that enhance the ability of the human eye to detect subtle variations and fine details (Asmus, 1987) . In the future, more advanced computers and software may permit automated pattern recognition of distress symptoms. This would help to eliminate the subjective element involved in human visual inspection.
An exception to the rule that optical methods are limited to observations of surfaces is the application of infra-red thermography to find subsurface structures. This takes advantage of the fact that the surface temperature of a structure is affected by the heat capacities and thermal conductivities of the materials within it. A typical example is the use of IR thermography to detect areas of water-soaked insulation in the walls or roofs of building. Water is a good heat conductor, and thus in the wet areas, more heat from the interior of the building will reach the surface, creating locally warmer areas. These appear as bright spots in thermal images.
Spectroscopy using optical radiation is well-established in the laboratory, but more difficult to do in the field. Approximate methods that can be used to distinguish among materials are available in certain circumstances. For instance the color of bronze or brass is a function of the alloy composition of the metal. The infrared emissivity is a characteristic property of a material. Also, certain materials will fluoresce at characteristic visible light wavelengths when illuminated by ultraviolet light. This is the basis of the familiar "black light" effect.
Finally, while this overview has discussed individual methods in isolation, it should be noted that the trend is toward combined or hybrid methods. For example, laser based acoustic methods use intense pulses of laser light to generate stress waves within materials. Lasers can also be used to detect the echoing sound waves. Another example is magnetostriction, in which a magnetic coil generates a stress wave within an iron or steel object. The stress wave can also be picked up by a magnetic coil. A third example involves sending microwave pulses into materials. This generates local heating in conductive objects such as iron reinforcements, which thereby produces temperature differences that can be observed in IR thermographs.
Moreover, the types of mathematical analysis described above are not necessarily restricted to a specific group of methods. For example, computed tomography developed for X-ray techniques has also been extended to ultrasonic pulse velocity in the form of acoustic tomography.
Architectural Archaeometry
The major branches of archaeometry dating, provenance and ancient technology are all relevant to architectural history. Dating can be very important, not only the date of original construction, but also the dates of later additions or modifications. Many historic structures have experienced major changes over their lifetimes. The correct dating of various parts of a structure is necessary in restoration work, since decisions may have to be made concerning what must be removed to reveal the original design of the architect (McDonald, 1993) . Also, later modifications such as the addition of flying buttresses to Gothic cathedrals may provide clues to structural weaknesses in the original (Mark, 1982) .
The methods of dating are described in chapter 4. In architectural archaeology, radiocarbon (Amber, 1987) , dendrochronology (Heikkenen and Edwards, 1983) , or thermoluminescence (Mejdahl, 1986 ) methods have all been applied. These are usually destructive, in the sense that they require samples of materials to be removed for analysis in the laboratory. Nevertheless, the amount of such samples are generally negligible compared to the mass of the structure. However, nondestructive dating of early American structures in the United States has been attempted using X-ray radiographs of iron nails in structures (Hart, 1975) . Since the chronology of different nail types is known, this makes it possible to estimate the time period of construction (Phillips, 1994) .
Provenance is another archaeometry topic that takes on particular meaning in architectural history. One question is the source of the building materials themselves. Establishing whether the raw materials were supplied locally or came from a distance can reveal much about the state of transport technology and social organization. A civilization would often deliberately import rare materials over long distances to demonstrate its power and geographical reach. For example, the construction of the Forbidden City in Beijing involved the transport of special white marble and timbers over considerable distances (Yu, 1982) . A related provenance question concerns the reuse of building materials. Many of the Islamic buildings in historic Cairo were built with fine white limestone that originally served as the casing for the Great Pyramid of Giza. Decorative marbles in particular have traveled over long distances. St. Marks Basilica in Venice is sheathed in marble taken from buildings all around the Mediterranean. The bronze horses on St. Marks have been moved at least twice: once from Rome to Constantinople, and then from there to Venice in the 13th century.
The techniques of provenance analysis are described in chapter 7. As is the case with dating techniques, these methods usually involve taking small samples for analysis in the laboratory. However, the development of portable X-ray fluorescence (Cesareo et al., 1973) and neutron probe instruments (Livingston et al., 1988) may make possible at least limited elemental analyses for provenance in the field on a nondestructive basis. A nondestructive provenance method unique to medieval stained glass studies took advantage of the fact that glass made in Northern Europe during this period often contained relatively high concentrations of potassium, which has a naturally radioactive isotope, MDSU − 40K. Therefore, the test consisted of simply applying pieces of photographic film to individual pieces of glass (Hudson and Newton, 1976) . The pieces with higher potassium content produced greater exposures of the film.
Architectural historians are also much concerned with structural design issues, the field traditionally known as strength of materials (Timoshenko, 1953 ). This covers not only the knowledge of the strength properties of the materials themselves, but also statics, the theories about forces and their transmission through structural elements. The use of arches rather than simple post and lintel construction to span distances is a key measure of a civilization's technological sophistication. A critical aspect of strength of materials is the correct specification of safe dimensions for beams, columns or other structural members. Also important is a proper understanding of the roles of various fasteners and reinforcements, such as chains around a dome, in enhancing structural stability. Both X-ray and gamma radiographs have been used to image hidden construction details. For instance, gamma radiography has been used to find the iron cramps in the Parthenon and the Erechtheion on the Acropolis of Athens (Clarke, 1983) .
Structural Analysis
Aside from issues of architectural history, NDT methods have a critical role to play in the conservation of the structure itself. Traditional surveying techniques have long been used to measure deflections and deformations (Beckmann, 1995) . However, this generally requires physical contact with the structural element, e.g. the surveyor has to hold a steel measuring tape or survey target to the structure. This can present access problems with tall structures. Surveying instruments using laser beams can make non-contact measurements. For example, the dome of the Hagia Sophia in Istanbul has been measured with lasers, and areas where the dome has been repaired have been identified (Erdek, 1992) . Also, computerized image analysis makes it possible to compute deformations directly from video pictures of a structure, and even to reconstruct the original dimensions (Kennedy, 1990) . These techniques are limited to examination of exteriors. However, it is often important to locate flaws or other types of weakness within the structure. The means for investigating interiors of structures have generally depended on either sound waves or penetrating radiation.
Methods based on sound waves have been very prominent. The most primitive method, which still has application, consists of simply tapping the surface with a wooden hammer and listening for characteristic tones that indicate whether the exterior remains firmly attached. This technique was used to survey the condition of individual terra cotta panels on the facade of the Woolworth Building in New York, for instance (Thomasen, 1981) . However, this method depends upon the skill and experience of the operator, and thus is somewhat subjective and difficult to replicate.
A particularly important structural analysis problem involving NDT is the location of iron or steel reinforcements. In some situations, especially in reinforced concrete, the purpose of the NDT inspection is to verify that the reinforcement is where it is supposed to be and performing its intended structural function.
However, another purpose may be to locate the iron so that it can removed. Although designed to strengthen the structure, these iron components can ultimately contribute to its failure, because the iron eventually rusts, and the resulting expansion of the corrosion products imposes enough stress within the stone to crack it. This latter situation occurs in many stone monuments, including the Taj Mahal (Jain et al., 1988) and the Acropolis of Athens (Skoulikidis, 1976) .
The most straightforward method of locating iron or steel uses magnetic induction. Iron reinforcements have also been located in concrete by ground penetrating radar. However, the high conductivity of iron, which makes it an excellent reflector of radar waves, also renders it opaque. Hence, GPR cannot see any features beyond it. This may cause problems if the reinforcements are placed in multiple mats or layers.
Finally, penetrating radiation can also be used to find iron reinforcements. For instance, as discussed above, gamma radiography was used to locate rusting iron reinforcements in the marble of the monuments on the Acropolis of Athens.
Aside from the location of iron, NDT methods have been applied to inspection for other types of physical flaws. For example, Grattan et al. (1987) describe the use of X-ray computed tomography in determining the remaining cross-section of wooden totem poles. In this particular case, the X-ray intensities were not measured by electronic detectors. Instead, radiographs were taken around each totem pole, and then the amount of exposure at selected points on the film was measured by a photographic densitometer.
GPR has been used to investigate several historic structures, including the US Capitol. As discussed above, the difficulty of interpreting GPR data in these cases has produced mainly qualitative results. Aggour (1991) used ultrasonic pulse velocity to measure the amount of rot in wooden bridge piles in wooden highway bridges in Maryland. Lee (1965) used it to test the structural integrity of a damaged roof of an 18th century building. Lanius et al. (1981) applied this method to old wooden barns.
If the physical flaw itself emits sound as a result of stresses, then it may be detected by acoustic emission methods. Montoto et al. (1991) applied acoustic emission monitoring to the granite of El Escorial Palace in Madrid, but have not reported whether the data were used to locate flaws. Accardo et al. (1983) used acoustic emission to measure the effect of thermal stresses in the bronze statue of Marcus Aurelius in Rome. The source of the sound does not necessarily have to be physical microcracking. Acoustic emission instruments have been used to detect termite nests in timber by picking up the sounds of the termites communicating with each other (Drouillard, 1990) . Detection of flaws and cracks on the scale of millimeters to centimeters is a typical use of NDT in many fields. There is also the problem, unique to architectural conservation, of detecting spatial features on the order of meters in scale. These represent hidden architectural spaces, such as secret passages, tombs etc. Aside from the glamour of finding archaeological artifacts containing important cultural information, another, more prosaic reason for finding these spaces is that they can be sources of structural weakness.
A number of these studies have been performed in Egypt. Perhaps the most exotic was the use of cosmic rays to probe for hidden spaces in Kephren's Pyramid (Alvarez et al., 1970) . Cosmic rays are composed of very high energy particles. These typically have energies in the range of 40-70 GeV, which is greater by a factor of 10,000 than gamma rays produced by radioisotope sources, and thus can penetrate much deeper into materials. This makes them suitable for probing massive structures such as the Pyramids, which have dimensions of hundreds of meters. In this specific study, the search was for hidden chambers in the Second or Kephren's Pyramid, which unlike the Great Pyramid of Khufru, appears to have few internal passages. Alvarez set up spark chambers as cosmic ray detectors in a room at the base of Kephren's pyramid and measured the flux of cosmic rays arriving from different directions ( Figure 5 ). No hidden chambers were found, but the feasibility of the method was demonstrated by the detection of the remaining cap of limestone casing at the top of the period. The field of view was limited because the cosmic ray detectors available at the time were the cumbersome spark chambers. Only 18% of the volume of the Pyramid was actually scanned.
Another search for hidden chambers in a pyramid, in this case Khufru's, was carried out with approach based on microgravity anomalies (Huy et al., 1988) .
This geophysical method takes advantage of the fact that the Pyramid is so massive that it affects the local force of gravity, making it possible to use gravimeters. The authors claim to have detected a sand-filled chamber within the Pyramid, but this has not yet been confirmed.
Yet another search for hidden chambers in Egypt made use of magnetometry. In this case, the search was for lost tombs in the limestone rock of the Valley of the Kings near Luxor. The technique works because the limestone in the region contains traces of iron (Wilford, 1987) . A negative magnetic anomaly thus indicates a space. This method has successfully located a previously unknown tomb.
Materials Characterization
Another major use of NDT in architectural conservation concerns the characterization of the materials themselves rather than their physical arrangement in the structure. The material can be characterized in terms of physical properties such as density, modulus of elasticity, etc., or in terms of chemical composition and crystal structure. For determining physical properties, ultrasonic pulse velocity has been the most widely used method. One example is the measurement of the modulus of elasticity of concrete bridges (Hassan et al., 1993) . It was also used to assess the degree of cracking in marble beams on the Parthenon (Tassios and Economou, 1976) and the degree of deterioration in historic masonry (Berra et al., 1992) . Taking this method a step further, tomography algorithms have been applied to ultrasonic data in order to locate regions of varying density or elastic modulus within a structure (Woodham et al., 1996) .
A broad range of architectural conservation problems requires knowledge of the chemical composition. For example, in order to replace deteriorated mortar in a masonry structure, the architectural conservator must learn its chemical composition. A wide variety of mortar materials can be used, ranging from gypsum to lime to portland cement, and their durabilities vary considerably under certain environmental conditions (Livingston et al., 1991) . Another kind of problem involves determining the compositions of metals, e.g., the amount of chromium in steel or zinc in bronze, which can significantly affect such properties as ductility, fatigue strength, or corrosion resistance.
The compositional analysis of a material generally involves a spectroscopic approach. A simple analysis of the elements present may be sufficient for such purposes as classifying metals or alloys. For example, copper metal can be distinguished from bronze by the zinc or tin found in the latter. Cesareo et al. (1973) classified bronze artifacts based on elemental analyses obtained with X-ray fluorescence (XRF). Earlier portable XRF instruments used radioisotopes as the X-ray source. Newer models have miniature X-ray tubes, which may be more convenient. However, XRF does not penetrate surface layers effectively. Moreover, it is difficult to detect the lighter elements such as carbon in the field. Another elemental analysis method, known as the neutron probe, uses prompt gamma-rays excited in the target material by a portable neutron source (Livingston et al., 1988) . The neutron probe can penetrate deeper into materials and can detect some elements that XRF cannot.
In some situations, elemental analysis is not sufficient, and it becomes necessary to analyze the chemical compounds present. If these are well-crystallized, they can be detected by X-ray diffraction. Portable X-ray diffractometers are now commercially available (Pineault and Brauss, 1994) . These incorporate position sensitive detectors rather than conventional goniormeters. Another possibility involves infrared radiation. Multispectral IR uses an array of infrared detectors, each tuned to a specific band of the IR spectrum. This has been used in geological applications to identify different minerals by remote sensing. However, both X-ray diffraction and multispectral IR are essentially limited to surface observations. Ultra-violet light can also be used to detect certain compounds. Carden (1991) used this method to identify pigments in paint layers at the Robert E. Lee House of Arlington, Virginia. It may be necessary to apply a stain in order to produce a visible fluorescence. Winkler (1983) used a special ink to stain marble in order to use UV to distinguish among calcite, dolomite and gypsum as well as to distinguish between weathered and unweathered stone. Hover (1988, 1989) have developed a similar method, using a uranyl acetate stain, to identify a destructive gel in Portland concrete, which is formed by reaction between the highly alkaline pore solution and certain kinds of aggregate.
Environmental Conditions
Another kind of NDT characterization concerns the detection of environmental conditions that could damage the structure. In many cases, moisture is the main problem. It causes corrosion of metals and destruction of porous materials like stone by chemical reactions as well as by freeze-thaw stress cycles. This can obviously come from rainwater leaking into the material from defective roofs or gutters. Groundwater rising up into walls by capillary action is another common problem. Water may be left behind after some catastrophic event like flooding, broken piping, or opened fire sprinklers.
A variety of NDT methods have been applied to locate moisture in structures. Electrical resistivity or conductivity probes have been widely used. This method works reasonably well in materials like wood that have sufficient intrinsic moisture to provide a continuous conductive path between the probe's contacts. However, it is less reliable in materials such as masonry that have much lower moisture content. Infra-red radiation can also locate wet areas by revealing differences in surface temperature. Neutron methods include neutron thermalization, which is the basis of commercial units such as the Troxler neutron moisture meter. Although this is simple to operate, its range of operation is limited to within a few centimeters of the surface. Hence it is used primarily to investigate leaking roofs. The neutron probe provides a more direct and reliable method for detecting water molecules.
It has been used in Venice Italy and in Colonial Williamsburg (Livingston et al., 1991) .
A related materials characterization problem concerns the corrosion of metals, particularly iron reinforcements. Since corrosion is an electrochemical phenomenon, the development of NDT tests for this problem have emphasized electronic measurements. A standard method for detecting corrosion in concrete reinforcements is the copper sulfate half-cell test, ASTM C 876. This measures the electrical potential between the rebar and a copper sulfate solution electrode placed on the concrete surface. Empirical tests have shown that potentials below a value of -Ű500 mV can indicate corrosion is taking place.
However, the half-cell test cannot measure the actual rate of corrosion, which is important to determine the urgency of repair. Determining the rate of corrosion requires the measurement of the corrosion current in the reinforced concrete. This can be done by observing the electrical response of the system to an externally imposed voltage or current. The linear polarization test is based on this principle (Berke, 1986) .
Both the half-cell potential and the linear polarization method suffer from the fact that corrosion is a complex process that involves a number of factors including both materials properties, such as the oxygen permeability of the concrete, and environmental conditions such as the pH of pore solutions and the presence of ions such as chlorides and sulfates. Consequently, while these corrosion NDT methods may perform well in certain cases, they may not be reliable in others.
The presence of chlorides at a given point in iron-reinforced masonry or concrete usually indicates that corrosion will eventually occur. Therefore, a map of the distribution of the chlorides is an alternative approach to predicting where corrosion will occur. The neutron probe can also be used to make nondestructive maps of chlorides.
Barriers to Implementation of NDT
It is evident from this survey that there are many promising candidate technologies for nondestructive testing and evaluation of structures. Nevertheless, very few are routinely used in architectural conservation. A number of barriers, both technical and institutional, hinder the full implementation of NDT.
One major barrier is insufficient R&D to bring a given NDT method into a fully standardized form. To understand this situation, it is necessary to consider the evolution of an NDT technique from a theoretical concept to a standardized commercial instrument. The stages in this process are outlined in Figure 6 , along with the sector of the economy usually responsible for each.
The first stage is the identification of a physical principle that could serve as the basis of an NDT method. The second stage is typically a laboratory experiment under controlled conditions to prove that the concept actually works. Given the proof of concept, the third stage consists of more experiments with "bread board" systems to develop the concept further and to optimize various components. It is not until the fourth stage that an actual prototype instrument is built, which can then be tested under actual field conditions. If the prototype performs satisfactorily, then a complete instrument package can be engineered for commercial scale production.
The R&D process is often considered to end here as far as governmental support is concerned. This assumes that an NDT technique which has reached this stage will be taken up by the private sector. However, this omits the final critical stage of standardization, which consists of establishing data quality parameters including accuracy, precision, sensitivity, minimum level of detection etc. It also includes the acceptable range of operating conditions such as depth of penetration, possible interference effects of moisture and so on. The important variables that govern performance may differ from one application to another for a given NDT method, as well as between one NDT method and another. Without this information, it is difficult to judge whether an NDT method will perform satisfactorily in a specific architectural assignment.
Standardization involves extensive testing under controlled conditions. However, in architectural conservation, innovations in NDT equipment have often been rushed into use on actual historic structures with minimal standardization. Not surprisingly, under these conditions the NDT method may fail to perform as advertised. The result is a loss of credibility in the NDT method (Hertlein, 1992) . Credibility is especially critical in this field because of the inability of key personnel to make independent technical judgments of NDT. Those professionals responsible for deciding on the use of NDT in architectural conservation projects are usually architects, civil engineers or building contractors, who typically lack the necessary background in such technical fields as electronics engineering and nuclear physics. Consequently, once an NDT method is perceived to have failed, it is very difficult to persuade this community that the method may be appropriate for other conditions.
Beyond the technical credibility issue, there are several other institutional barriers. Among them is the attitude that NDT is simply too expensive. This view is based primarily on the capital costs of the instruments, which generally range between $25,000 and $250,000, almost regardless of the specific method involved. In addition, highly skilled technicians are often required to operate these instruments and to interpret their outputs. The typical small architect/engineer (A/E) firm involved in architectural conservation projects, does not have sufficient business to justify such an investment. However, this attitude considers only the costs, and fails to take into account the benefits in terms of savings in time and materials that can be achieved through better prior knowledge of the structural condition. Architectural conservation projects often overrun budgets because of unanticipated structural problems that are discovered only after work begins. However, these concerns about costs are based on the assumption that the A/E firm itself would always be responsible for purchasing and operating the NDT equipment. An alternative would be to subcontract the work to a specialized NDT firm. These specialized firms can amortize the capital costs of NDT equipment over a number of projects. Under typical amortization schedules, the equipment costs become a relatively small part of the daily charges for NDT inspection. The major part is for on site labor. This is similar to the costs of simple visual inspection.
Another institutional barrier is the diffuseness of decision-making among the parties involved in the conservation of a building. These parties include the owner of the property, the architect or construction manager in charge of the work, and various contractors and subcontractors who actually perform the work. In architectural conservation, additional parties may be historic preservation consultants, state or local preservation agencies and funding sources, either governmental or private. While one of these parties may appreciate the value of NDT, the others may not.
A final institutional barrier is the nature of the contracting process. Even in the case where the use of an NDT method is approved, it often comes as an afterthought, after the specifications for the conservation work have been written, and the contracts have been awarded. Adding an NDT task at this stage entails budget overruns and other contractual difficulties, while at same time the benefits of NDT in producing cost-savings cannot be fully realized.
Remedies for these barriers to implementation include greater funding for R&D through the standardization stage. Building codes and practices need to be revised to encourage the use of NDT. Personnel in the architectural conservation field should receive more information about NDT. Also, contracting procedures should be revised to allow NDT at the earliest possible stage of the conservation project.
Research Needs
An important direction for future R&D involves the introduction of more NDT methods to the field of architectural conservation. One approach is the adaptation of additional existing NDT techniques from other fields, such as aerospace. Another approach involves the development of new techniques. In this regard, the use of hybrid methods such as magnetostriction, that combine more than one physical phenomena may be especially fruitful.
Another research direction concerns the application of digital computing power to NDT methods. This ranges from the incorporation of digital signal processing chips within NDT instruments to improve signal, to the use of advanced computer algorithms to enhance data interpretation.
A third direction of research emphasizes a better fundamental understanding of the relationship between the observed signal, e.g. ultrasonic pulse velocity, and the actual variable of interest, e.g. extent of microcracking. These fundamental relationships are essential for making a meaningful evaluation of NDT data.
Finally, R&D is required to provide standard test walls or other types of replicas in order to determine objectively the performance of NDT methods as applied to architectural conservation.
